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Abstract. In the central Neuquén Basin, the Huincul Formation comprises thick successions of Upper Cretaceous fluvial deposits widely 
exposed at the south and north-west of Huincul High. The vertebrate fossil record from the Huincul Formation is very abundant, especially 
considering the saurischian dinosaurs, including several theropod (Mapusaurus, Taurovenator, Aoniraptor, Skorpiovenator, llokelesia, Gualicho, 
Overoraptor, Tralkasaurus, and Huinculsaurus) and sauropod specimens (Choconsaurus, Argentinosaurus, Cathartesaura, Limaysaurus, and the 
indeterminate rebbachisaurid MMCH-Pv-49). In this contribution, we describe new rebbachisaurid sauropod findings from the El Orejano locality 
(Neuquén Province, Argentina), where coarse sandstones outcrop referred to the lower section of the Huincul Formation. The new material 
includes three axial elements that we refer to Rebbachisauridae: a partial dorsal neural arch (MAU-Pv-EO-633), an incomplete dorsal vertebra 
(MAU-Pv-EO-634), and an almost complete caudal vertebra (MAU-Pv-EO-666). These new findings share different features with other 
members of that family, although show some morphological differences with other rebbachisaurid taxa, which suggest a more diversified 
fauna in the central Neuquén Basin than previously known, at least during the Cenomanian/Turonian interval. This record from the new 
fossiliferous locality of El Orejano allows us to improve our knowledge about the morphological diversity of the Rebbachisauridae during the 
early Late Cretaceous. Furthermore, it represents one of the most modern records of the family, adding new information on the last stages of 
the evolutionary history of rebbachisaurids. 


Key words. Rebbachisauridae. Faunal change. Upper Cretaceous. Osteology. Neural laminae. 


Resumen. NUEVOS RESTOS DE REBAQUISAURIDOS DESDE LA FORMACION HUINCUL (CENOMANIANO MEDIO-TURONIANO TEMPRANO) 
DEL CENTRO DE LA CUENCA NEUQUINA, PATAGONIA, ARGENTINA. En el centro de la Cuenca Neuquina, la Formaci6n Huincul esta caracteri- 
zada por potentes depésitos fluviales del Cretacico Superior que afloran ampliamente al sur y al noroeste de la Dorsal de Huincul. El registro 
fdsil de vertebrados de la Formacion Huincul es particularmente abundante, sobre todo considerando la fauna de dinosaurios saurisquios, la 
cual incluye diferentes formas de terdpodos (Mapusaurus, Taurovenator, Aoniraptor, Skorpiovenator, llokelesia, Gualicho, Overoraptor, Tralkasaurus 
y Huinculsaurus) y sauropodos (Choconsaurus, Argentinosaurus, Cathartesaura, Limaysaurus y el rebaquisaurido indeterminado MMCH-Pv-49). En 
este trabajo presentamos nuevas evidencias de sauropodos rebaquisauridos procedentes de la localidad de El Orejano (provincia del Neuquén, 
Argentina), donde afloran areniscas gruesas referidas a la seccion inferior de la Formacion Huincul. Estos nuevos materiales corresponden a 
tres elementos axiales que atribuimos a la familia Rebbachisauridae: un arco neural dorsal incompleto (MAU-Pv-EO-633), una vértebra dorsal 
incompleta (MAU-Pv-EO-634), y una vértebra caudal casi completa (MAU-Pv-EO-666). Estos especimenes comparten distintos caracteres 
con los miembros de dicha familia, sin embargo presentan algunas diferencias morfoldgicas con otras formas de rebaquisauridos que indi- 
can una fauna mas diversificada en el centro de la Cuenca Neuquina de lo que se conocia, por lo menos durante la transici6n Cenomaniano/ 
Turoniano. Este registro de la nueva localidad fosilifera de El Orejano no solo permite ampliar nuestro conocimiento sobre la diversidad mor- 
foldgica de la familia Rebbachisauridae durante el Cretacico Tardio temprano, sino que también aporta nueva informacion sobre los ultimos 
estadios de la historia evolutiva del clado, representando uno de los registros mas modernos de la familia. 


Palabras clave. Rebbachisauridae. Cambio faunistico. Cretacico Superior. Osteologia. Laminas neurales. 
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IN GoNDWaANA, the Cenomanian/Turonian boundary repre- 
sents a crucial time-lapse for the evolutionary history of 
several terrestrial tetrapod lineages, representing one of the 
latest faunistic replacement of Mesozoic (see Apesteguia, 
2002; Leanza et al, 2004). Indeed, it precedes the final es- 
tablishment of typical Late Cretaceous reptile lineages, before 
the extinction of non-avian dinosaurs at the Cretaceous/ 
Paleogene boundary (Coria & Salgado, 2005; Novas et al., 
2005, 2013; Krause et al, 2020). The Cenomanian/Turonian 
turnover seems to be closely related to paleoclimatic, pa- 
leogeographic, and paleoecological variations linked with 
the opening of the South Atlantic Ocean, which occurred 
during the mid-Cretaceous (Aptian—Turonian; e.g., Schlanger 
& Jenkyns, 1976; Arthur et a/, 1987; Elder, 1987; Hut et al, 
1987; Jenkyns, 2010; Pol & Leardi, 2015; Petrizzo et al, 
2021). In particular, analyzing the saurischian fossil record, 
a post-Turonian faunistic turnover can be recognized 
when mid-Cretaceous (Aptian—Turonian) faunas are com- 
pared with the post-Turonian ones (see Leanza et al, 2004; 
Candeiro et a/, 2011; Novas et al, 2013; Candeiro, 2015; 
Krause et al., 2020; Ibiricu et a/, 2020). Indeed, within 
Sauropoda, there is fossil evidence of Rebbachisauridae and 
both broad-toothed and narrow-toothed Titanosauriformes 
until the Cenomanian-Turonian interval (e.g, Canudo et al, 
2018; Bellardini et a/, 2022), whereas after the Turonian 
only the narrow-toothed titanosauriformes (all members of 
Titanosauria) represent the mega-herbivores saurischian 
fauna worldwide (eg., Carballido et a/, 2017). On the other 
hand, carcharodontosaurid and spinosaurid theropods were 
abundant until the early Late Cretaceous but disappeared 
after the Turonian. These theropod lineages have been sup- 
planted by abelisaurids and megaraptorids, which were 
particularly abundant in Gondwana, where they became the 
dominant carnivores until the end of the Cretaceous (Coria 
& Salgado, 2005; Novas et a/., 2013). However, knowing the 
exact moment of such marked faunistic turnover is difficult 
given the paucity of the fossil record with robust strati- 
graphic control. 

Recent fieldwork in the new fossiliferous locality El 
Orejano (Fig. 1; Neuquén Province, Argentina), in which the 
base of the Huincul Formation is widely exposed resulted in 
several new rebbachisaurid remains. This new material in- 


cludes three axial elements: a partial anterior-to-middle 


dorsal vertebra (MAU-PV-EO-633), a well-preserved pos- 
terior dorsal vertebra (MAU-PV-EO-634), and an almost 
complete anterior caudal vertebra (MAU-PV-EO-666). 

Rebbachisauridae represents a basal family of 
Diplodocoidea sauropods, whose biochrone extends from 
the Early Cretaceous of Europe (Dalla Vecchia, 1998, 2005; 
Pereda Suberbiola, 2003) to the early Late Cretaceous of 
Patagonia (Calvo & Salgado, 1995; Gallina & Apesteguia, 
2005; Ibiricu et a/, 2013, 2015). Considering the paleobio- 
geographic evolution of Rebbachisauridae, South America 
in general and Patagonia in particular have an important role 
in the diversification and distribution of the clade, yielding 
most of the rebbachisaurid fossil record worldwide. 
Whereas the Patagonian Early Cretaceous record of this 
clade is entirely dominated by basal forms, all of them from 
the Neuquén Basin (e.g., Zapal/asaurus, Comahuesaurus, 
Lavocatisaurus; Salgado et al, 2006; Carballido et al, 2012; 
Canudo et al, 2018), the early Late Cretaceous record in- 
cludes more nested taxa, all members of Khebbashia 
(Limaysaurinae+Rebbachisaurinae (=Nigersaurinae)), such 
as Katepensaurus, Cathartesaura, and Limaysaurus (Calvo & 
Salgado, 1995; Gallina & Apesteguia, 2005; Ibiricu et al, 
2013). Indeed, four of the five taxa closely related to the 
early evolution of Rebbachisauridae come from the Early 
Cretaceous of Neuquén Basin (Canudo et al, 2018), whereas 
the remaining basal form (i.e., Amazonsaurus; Carvalho et al, 
2003) comes from Parnaiba Basin (Aptian—Albian) of north- 
ern Brazil. On the other hand, the most modern reb- 
bachisaurid specimens were found in the early Late 
Cretaceous outcrops of Patagonia closely related to the 
Cenomanian/Turonian transition, such as Katepensaurus, 
Cathartesaura, and Limaysaurus (Calvo & Salgado, 1995; 
Gallina & Apesteguia, 2005; Ibiricu et a/, 2013). However, 
Rebbachisaurinae, the most nested rebbachisaurid clade, 
encompasses taxa from the Early Cretaceous of Africa, 
South America, and Europe (Sereno et a/., 1999; Pereda 
Suberbiola, 2003; Lindoso et a/, 2019). 

The new material here described shows morphological 
differences with already known rebbachisaurids, indicating 
the presence of an additional taxon in the Huincul Forma- 
tion. Although the material presented here is too fragmen- 
tary to be recognized as a new taxon, it suggests that 


Rebbachisauridae was more diversified in different parts of 
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southern Gondwana than previously known, at least during 
the late Cenomanian. 

Additionally, this material represents one of the most 
modern rebbachisaurid records from the Neuquén Basin 
and the northernmost evidence of the lineage during the 
Cenomanian/Turonian transition. Thus, it adds not only new 
information on the sauropod faunal composition of the 
central Neuquén Basin but also contributes to recon- 
structing part of the last stage of the evolutionary history of 
Rebbachisauridae, a lineage that became completely extinct 


after the Turonian. 


GEOGRAPHIC AND STRATIGRAPHIC PROVENANCE OF 
THE REMAINS 

In north Patagonia, the Cenomanian/Turonian transition 
is lithostratigraphycally represented by the Rio Limay 
Subgroup, the basal unit of the Neuquén Group, which is 
composed of a sequence of 1,200 m of fluvial red beds and 


worldwide known for its great wealth of oil and fossiliferous 
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sites (Garrido, 2010). The Rio Limay Subgroup includes two 
formations: the Candeleros Formation (lower Cenomanian) 
and the Huincul Formation (middle Cenomanian-—lower 
Turonian). The Candeleros Formation outcrops are well- 
exposed in the southern region of Neuquén Basin and mar- 
ginally, in terms of thickness and extension, in the core 
and northwestern sector of the basin (Garrido, 2010). 
Lithologically, the Candeleros Formation is characterized by 
a dominance of fine to coarse grained sands with an abun- 
dant muddy matrix, reddish to purple in color. 

On the other hand, the upper-layer stratigraphic unit, 
the Huincul Formation, is particularly extensive and well- 
exposed in the central Neuquén Basin, as well as at the 
south and north-west to the Huincul High (eg, Ploszkiewics 
et al, 1984; Cevallos, 2005; Mosquera et al, 2011). Regard- 
ing the lithological composition, two sedimentological sec- 
tions are consensually regarded for the Huincul Formation 
(Garrido, 2010): a lower section dominated by fine sands 
and muds, and an upper section, known as typical-Huincul 
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Figure 1. 1-2, Geographic location and stratigraphic maps; 1, Satelital map of the Neuquén Basin (northern Patagonia, Argentina) showing the 
approximate boundary and more relevant structures. The new fossiliferous locality of El Orejano is highlighted by a white rectangle; 2, 
Stratigraphic map of the study area showing the relative extensions of the lithostratigraphic outcropping units in the El Orejano locality. The 
new rebbachisaurid remains here described come from the lower section of the Huincul Formation (Cenomanian/Turonian; in light green). 
Geological mapping carried out on the basis of satellite image, acquired from earth.google.com (Date 11/5/2020). 
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(Garrido, 2010), characterized by medium to coarse grained 
sands with thin fine sandy and muddy intercalations at the 
base, and muddy levels gradually more abundant toward 
the top of the sequence. 

In particular, El Orejano Oil Field is located close to the 
eastern border of the Dorso de los Chihuidos, a structural unit 
characterized by the presence of a set of anticline folds of 
low wave amplitude and large radius, which expose a thick 
succession of continental red bed deposits of Cretaceous 
age (Herrero Ducloux, 1946; Ramos, 1978, 2011). This area 
shows extensive outcrops of the upper section of the Bajada 
del Agrio Group (Rayoso Formation, Aptian—Albian in age), 
and of the lower section of the Neuquén Group (Candeleros, 
Huincul and Cerro Lisandro formations, Cenomanian-— 
Turonian in age) (Ardolino & Franchi, 1996) (Fig. 1.2). 

The Candeleros and Huincul formations are the ones 
that offer the greatest areal distribution of their outcrops in 
this sector, forming extensive and wide slightly stepped 
erosional plains, with a structural dip of about 5° to 10° E- 
NE. To a large extent, this relief is controlled both by the 
structure of the area (large anticline flank) and by the pres- 
ence of extensive and erosional resistant sandy sheet bodies 
of fluvial origin (amalgamated channel deposits) that fre- 
quently characterize outcrops of the aforementioned lithos- 
tratigraphic units (Garrido, 2010). 

A stratigraphic profile was made along a transect of 
approximately 5 km in length, which joins the exposed base 
of the Huincul Formation with the outcrops of the fossilif- 
erous site, obtaining a 23.7 m thick stratigraphic column 
(Fig. 2.2). Although it is a partial section, being limited in its 
top by the current erosion level, it allows us to locate the 
new fossil remains within the basal levels of the Huincul 
Formation. Although there is no precise data on the total 
thickness of the Huincul Formation in this area, Ramos 
(1981) estimated a thickness of 195 m for this unit in the 
central Neuquén Basin. 

The new bones here presented were found isolated (Fig. 
2.1), contained in fluvial sandstone beds that are lithofa- 
cially interpreted as bottom channel-fill and downstream 
accretion bar deposits. The low degree of abrasion and 
breakage presented by the bones suggests that they 
have suffered a relatively short transport, implying a pa- 


rautochthonous origin for the specimens. 
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The age of the Huincul Formation has been attributed, 
based on their stratigraphic relationships, to the upper 
Cenomanian-lower Turonian (Legarreta & Gulisano, 1989; 
Garrido, 2010). Radiometric data obtained by Corbella et al. 
(2004) from a weathered ash level located close to the base 
of the Huincul Formation, gave a zircon fission track age of 
88 + 3,9 Ma (upper Turonian); however, this value is taken 
with caution and it is considered necessary to carry out new 
dates in this regard. On other hand, Vallati (2001) deter- 
mined, on the basis of palynological studies, an age of the 
paleofloristic association of the Huincul Formation not 
younger than Cenomanian. 

In summary, and based on the data available to date, a 
late Cenomanian age is inferred for the fossil-bearing rocks 


of the El Orejano locality. 


MATERIALS AND METHODS 

All fossil bones here described were mechanically pre- 
pared in the paleontological laboratory of the MAU where 
they are actually housed under the MAU-PV-EO acronym. 
The complete list of specimens from the El Orejano locality 
is detailed in Table S1 (see Online Supplementary Informa- 
tion). For the osteological description, we followed the ter- 
minology used in Romer (1956), Wilson & Sereno (1998), 
Harris (2004), Upchurch et a/. (2004), and Wilson (2006), and 
the terminology and abbreviations proposed by Wilson 
(1999, 2012) and Wilson et al, (2011) for vertebral laminae 
and fossae. To assess the phylogenetic position of the 
specimens reported here, we carried out a cladistic analysis 
using a modified version of the data matrix of Bellardini et a/. 
(2022) (see NEXUS and TNT files in Online Supplementary 
Information). The data matrix was edited using Mesquite v. 
2.74 (Maddison & Maddison, 2011) to include specimens 
from the El Orejano locality, which were codified as inde- 
pendent OTUs and analyzed separately as they cannot be 
confidently assigned to the same species. The resulting data 
matrix, composed of 418 characters and 95 taxa, was ex- 
ported to TNT format (see NEXUS and TNT files in Online 
Supplementary Information). A heuristic tree search was 
performed using TNT v.1.5 software (Goloboff & Catalano, 
2016), starting with 3,000 replicates of Wagner trees fol- 
lowed by TBR branch swapping and saving 10 trees per 


replicate. The resulting trees were subjected to an additional 


BELLARDINI e7 4: NEW REBBACHISAURID EVIDENCE FROM PATAGONIA 


MAU-PV-EO-634 


MAU:PV-EO-666 MAU-PV-E@-633 


Google Earth 
(2) Current erosion level REFERENCES 


Gravelly to sabulitic sandstone 


Coarse-grained sandstone 


Medium to fine-grained sandstone 


Silty sandstone 


== 
as 
peES rssh es ee Mudstone 
Lip 
aan \ 


Lamination 

Horizontal stratification 
aN 

aa MAU-PV-EO-666 


Through cross-stratification 


Huincul Fm. (partial: 23.7 m) 


THE: A AU-PV-E0-634 


Ripples 


Intraclasts 


55 
a 4 Oremg Concretiones 
| MAU-PV-EO-633 ~~  Bioturbation 
PS @. Bone remains 


Candeleros Fm. 


Figure 2. 1-2, Fossiliferous sites location and lithologic profile; 1, The new rebbachisaurid specimens come from three sites in the western sec- 
tor of El Orejano YPF SA oil field (red symbols); 2, Schematic log of the Huincul Formation outcrops on the El Orejano oil field, Neuquén Province, 
Patagonia, Argentina. The new rebbachisaurid axial elements come from the lower section of the sequence (black bone silhouettes). Satellite 
image modified from earth.google.com website (date 11/05/2020). 
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round of branch swapping (TBR) to find remaining most 
parsimonious trees (MPTs). 

Institutional acronyms. AMNH, American Museum of Natural 
History, New York, USA; MACN, Museo Argentino de Ciencias 
Naturales “Bernardino Rivadavia", Ciudad de Buenos Aires, 
Argentina; MAU, Museo Municipal “Argentino Urquiza”, Rincon 
de los Sauces, Argentina; MDS, Museo de Dinosaurios de 
Salas de los Infantes, Salas de los Infantes, Spain; MIWG, 
Museum of Isle of Wight Geology (now Dinosaur Isle Visitor 
Centre), Sandown, Isle of Wight, United Kingdom; MMCH, 
Museo Municipal “Ernesto Bachmann”, Villa El Choc6n, 
Argentina; MNHN, Museum National d'Histoire Naturelle, 
Paris, France; MOZ, Museo Provincial de Ciencias Naturales 
“Prof. Dr. Juan A. Olsacher”, Zapala, Argentina; MPCA, Museo 
Provincial “Carlos Ameghino”, Rio Negro, Argentina; MPEF, 
Museo “Egidio Feruglio”, Trelew, Argentina; MUCPv, Museo 
Universidad Nacional del Comahue, Neuquén, Argentina; 
NHMUK, Natural History Museum, London, United Kingdom; 
UNPSJB, Universidad Nacional de la Patagonia San Juan 
Bosco, Comodoro Rivadavia, Argentina. 

Anatomical abreviations. aas, anterior articular surface; 
acc. spdl, accessory spinodiapophyseal lamina; acdl, ante- 
rior centrodiapophyseal lamina; acpl, anterior centropara- 
pophyseal lamina; amedl, anterior medial lamina; cpaf, 
centroparapophyseal fossa; cpof, centropostzygapophyseal 
fossa; cpol, centropostzygapophyseal lamina; cprf, centro- 
prezygapophyseal fossa; cprl, centroprezygaphophyseal la- 
mina; di, diapophysis; f, foramen; fo, fossa; lat. cprl, lateral 
centroprezygapophyseal lamina; lat. spdl, lateral spinodia- 
pophyseal lamina; lat. spol, spinopostzygapophyseal lamina; 
lat. sprl, lateral spinoprezygapophyseal lamina; II, lateral 
lamina; med. cprl, medial centroprezygapophyseal lamina; 
med. spdl, medial spinodiapophyseal lamina; med. sprl, 
medial spinoprezygapophyseal lamina; mp, medial pillar; ms, 
medial septum; nc, neural canal; pa, parapophysis; pacprf, 
parapophyseal centroprezygapophyseal fossa; pas, poste- 
rior articular surface; pas*, cast of the posterior articular 
surface; pc, pneumatic chamber; pcdl, posterior centrodia- 
pophyseal lamina; pcpl, posterior centroparapophyseal la- 
mina; pf, pneumatic fossa; pl, lateral pneumatic foramen 
(‘pleurocel’); posl, postspinal lamina; posr, postspinal ridge; 
poz, postzygapophysis; prz, prezygapophysis; prdl, prezy- 
godiapophyseal lamina; prl, intraprezygapophyseal lamina; 
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prpl, prezygoparapophyseal lamina; prsl, prespinal lamina; 
prsr, prespinal ridge; spdl, spinodiapophyseal lamina; spof, 
spinopostzygapophyseal fossa; spol, spinopostzygapophy- 
seal lamina; sprf, spinoprezygapophyseal fossa; sprl, spi- 
noprezygapophyseal lamina; tlp, triangular lateral process; 
tp, transverse process; vc, ventral concavity; vf, vascular fo- 


ramina. 


SYSTEMATIC PALEONTOLOGY 


SAURISCHIA Seeley, 1888 
SAUROPODOMORPHA von Huene, 1932 
SAUROPODA Marsh, 1878 
NEOSAUROPODA Bonaparte, 1986 
DIPLODOCOIDEA Marsh, 1884 (sensu Upchurch, 1995) 
REBBACHISAURIDAE Bonaparte, 1997 


Gen. et sp. indet. 
Figure 3 


Referred specimen. MAU-PV-EO-633, partial anterior-to- 
middle dorsal vertebra. 

Description and comparisons. This axial element is 
composed of the dorsal part of the centrum and the ventral 
portion of the neural arch, including the right prezyga- 
pophysis with part of the right diapophysis, the proximal 
portion of the left prezygapophysis, and the base of the 
neural spine (Fig. 3.1-2). Considering the posteroventral 
position of the parapophysis with respect to the high 
diapophysis, the relative low neural arch, and the wide 
dorsal pneumatic lateral cavities, we tentatively refer MAU- 
PV-EO-633 to a dorsal vertebra; furthermore, the mor- 
phological comparisons with Katepensaurus, Comahuesaurus, 
and the diplodocid indet. MPEF-PV-1324-2 (Carballido et 
al., 2012; Ibiricu et a/, 2013; Rauhut et a/., 2015), suggest to 
consider the El Orejano specimen as an anterior-to-middle 
dorsal vertebra. The centrum lacks most of the articular 
surfaces; however, the anterior articular surface seems to 
be slightly convex, whereas the posterior one is slightly 
concave in lateral view. MAU-PV-EO-633 shares this 
condition with the dorsal vertebrae of Rebbachisaurus, 
Demandasaurus (Torcida et a/,, 2011; Wilson & Allain, 2015), 
and other diplodocoids, where the centra are not typically 
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opisthocoelous but with the dorsal portion of the articular © deep lateral chambers open on both sides of a thin medial 
surfaces slightly convex (or concave) and ventral portion bone septum (Fig. 3.1), as seen in several rebbachisaurids 
rather straight (Canudo et a/, 2018). Ventrally, twowideand (Fig. 3.3-5), such as Rebbachisaurus, Lavocatisaurus, 


Figure 3. 1-3, Photos and line drawings of the anterior-to-middle dorsal vertebra MAU-PV-EO-633; 1, anterior; 2, posterior; and 3, right lateral 
views; 4, line drawings of the anterior-to-mid dorsal vertebra of Katepensaurus UNPSJB-PV 1007/13 in anterior and left lateral views (modified 
from Ibiricu et a/,, 2015); 5, line drawings of the anterior dorsal vertebra of Comahuesaurus MOZ-PV 6750 in anterior view (modified from 
Carballido et a/, 2012). Scale bar= 100 mm. 
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Amazonsaurus, and Demandasaurus (Carvalho et al, 2003; 
Torcida et a/., 2011; Wilson & Allain, 2015; Canudo et al, 
2018). On the dorsal surface of the chambers, remains of 
internal secondary septa are present. 

In MAU-PV-EO-633, the anterior opening of the neural 
canal is circular and laterodorsally framed by wide and tri- 
angular cprf (Fig. 3.1). The prezygapophyses are laterodor- 
sally directed in anterior view and slightly anteriorly inclined 
in lateral view. The articular surface is preserved only in the 
right prezygapophysis and is oval in dorsal view, whereas 
results straight and medially inclined with an angle of almost 
45° in anterior view (Fig. 3.1). Anteroventrally, the prezy- 
gapophysis links with the dorsal portion of the centrum by 
a robust and proximally wider cprl, whereas a fragmented 
and strongly inclined tprl runs medially from the prezy- 
gapophysis to the dorsal margin of the neural canal (Fig. 
3.1). In the right lateral surface, the parapophysis is incom- 
plete and joins dorsally the prezygapophysis through a 
short prpl, whereas ventrally, the acpl and pcpl frame a deep 
and triangular cpaf. On the other hand, a wider and oval 
pacprf opens between the prpl, the acp! and a prominent 
cprl (Fig. 3.1). In posterior view, dorsally to the neural canal 
there are two cpof at the sides of an incomplete mp (Fig. 
3.2). 


REBBACHISAURIDAE Bonaparte, 1997 


Gen. et sp. indet. 
Figure 4 


Referred specimen. MAU-PV-EO-634, partial anterior-to- 
mid dorsal vertebra. 

Description and comparisons. A very fragmented dorsal 
vertebra composed of both prezygapophyses and a large 
part of the neural spine is described (Fig. 4.1). Most of the 
centrum is lost, however, the cast of its posterior articular 
surface indicates that MAU-PV-EO-634 has an oval cen- 
trum, slightly taller than wide. The centrum seems to be 
relatively low, being almost one-fifth of the total vertebra 
height. Considering the preserved cast, the posterior ar- 
ticular surface is slightly concave, as in Rebbachisaurus, 
Demandasaurus, and other rebbachisaurid dorsal vertebrae 
(Torcida et al, 2011; Carballido et a/, 2012; Haluza et al, 


2012; Wilson & Allain, 2015). Considering the lateral incli- 
nation of the transverse process, the high angle of the 
articular surfaces of the prezygapophyses (>45°), and the 
height of the neural arch, we tentatively consider MAU-PV- 
EO-634 as an anterior-to-mid dorsal element, but more 
posterior than MAU-PV-EO-633. 

Both prezygapophyses are almost complete in MAU- 
PV-EO-634, preserving straight and dorsomedially directed 
articular surfaces in anterior view (Fig. 4.1). Ventrally, part of 
a robust cprl runs distally towards the anterodorsal margin 
of the centrum, whereas medially, a ventrally inclined thin 
bone is tentatively considered as part of the tprl. Furthermore, 
from the ventrolateral margin of the prezygapophysis a 
lateromedially concave prdl is directed towards the dorso- 
lateral margin of the transverse process, whereas only 
few fragments of the spdl are present more laterodorsally 
respect to the prdl. 

In MAU-PV-EO-634, the neural spine is almost 
complete and well preserved, lacking only part of the 
proximal third. The neural spine is tall, more than three 
times the centrum height, and petal-shaped in anterior view 
(Fig. 4.1), being the distal portion transversely expanded. In 
the anterior face of the neural spine there is a complex 
system of prominent neural laminae and deep fossae, as 
seen in Rebbachisaurus (Fig. 4.4), the indeterminate 
rebbachisaurids MACN-PV-N-35 (Fig. 4.3), and MMCH-PV- 
49/2-4 (Apesteguia, 2007; Haluza et al, 2012; Wilson & 
Allain, 2015). Indeed, a rough and prominent amed! runs 
dorsally up to half of the neural spine (Fig. 4.1-2), forming 
a laminar complex tentatively composed of a pair of med. 
sprl? and a single prsl?. The med. sprl? are thin and smooth, 
and diverge on the distal third of the spine where contact 
with robust and prominent lat. sprl. Between the med. sprl? 
and the prsl? there are smooth and triangular small 
fossae, whereas the lat. sprl and the amedl frame two 
dorsoventrally extended and deep fossae (Fig. 4.1). The 
morphology of the distal third of the neural spine of MAU- 
PV-EO-634 resembles MACN-PV-N-35; however, in the 
isolated neural arch from the La Amarga Formation, the 
apical fossae are oval and separated from the longer 
proximal fossae by a pair of ventromedially directed acc. 
spdl and not by dorsally divergent med. sprl (Fig. 4.3). The 


dorsal surface of the neural spine is convex in anterior view, 
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amedI (spri+prsl) 


amedl 


Figure 4. 1, Photo and line drawings of the anterior-to-middle dorsal vertebra MAU-PV-EO-634 in anterior view; and 2, detail of the amedl on 
the basal portion of the neural spine; 3, line drawings in anterior view of the mid-to-posterior dorsal neural arch of indeterminate rebbachisaurid 
MACN PV N35 (modified from Apesteguia, 2007; Carballido et a/, 2012; Wilson & Allain, 2015); 4, line drawings in anterior view of the dorsal 
vertebra of Rebbachisaurus MNHN-MRS 1958 (modified from Apesteguia, 2007; Carballido et al, 2012; Wilson & Allain, 2015); 5, line drawings 
in anterior view of the anterior dorsal vertebra of Comahuesaurus MOZ-PV 6656 (modified from Apesteguia, 2007; Carballido et a/, 2012; Wilson 
& Allain, 2015). Scale bar= 100 mm. 
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as in the Rebbachisaurus MNHN-MRS 2000 and the MMCH- 
PV-49 (Fig. 7.1) (Haluza et a/,, 2012; Wilson & Allain, 2015). 


REBBACHISAURIDAE Bonaparte, 1997 


Gen. et sp. indet. 
Figure 5 


Referred specimen. MAU-P\V/-EO-666, anterior caudal ver- 
tebra. 
Description and comparisons. We describe an almost com- 
plete and well-preserved anterior caudal vertebra, lacking 
most of the anterior portion of the centrum and neural arch 
(Fig. 5.1-5). The centrum is short, higher than long in lateral 
view and hexagonal in posterior view (Fig. 5.2—3, 5). The 
posterior articular surface is slightly concave, whereas 
the anterior one is eroded. However, considering that the 
opisthocoelic caudal vertebrae are only recorded in 
Opisthocoelicaudia within Sauropoda (Borsuk-Bialynicka, 
1977), and that Rebbachisauridae usually show an amph- 
icoelous articulation with the posterior articular surface 
more concave than the anterior one (Carballido et a/,, 2012), 
MAU-PV-EO-666 is here tentatively considered as amph- 
icoelous. The ventral surface is anteroposteriorly and trans- 
versally concave (vc, Fig. 5.4), without medial grooves, 
ventrolateral crests, or ventral Keels. The lateral surfaces 
are dorsoventrally convex and slightly concave anteropos- 
teriorly, bearing some small and oval vascular foramina 
close to the anterior rim (Fig. 5.3, 5). A wide and elliptical 
lateral pneumatic opening (‘pleurocel’) is present close to 
the anterodorsal margin of the lateral surfaces, as in some 
diplodocoids (e.g., Diplodocus and the indeterminate reb- 
bachisaurids NHMUK-R36636 and UNPSJB-PV 580; Ibiricu 
et al, 2012; Mannion & Barrett, 2013; Tschopp et a/., 2015), 
with the anterior half slightly dorsoventrally taller in lateral 
view (Fig. 5.3, 5). The pleurocel deeps medially within the 
centrum one third than centrum width, as well as seen 
throughout the broken anterior bone surface (Fig. 5.1). 
The neural arch is located on the anterior half of the 
dorsal surface of the centrum, being slightly anterodorsally 
inclined (Fig. 5.3, 5). The transverse processes are dorso- 
ventrally expanded, more than half of the centrum height, 


anteroposteriorly short and slightly anteriorly inclined in 
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lateral view, and dorsolaterally directed in anterior view (Fig. 
5.1), with an angle of 48°. The lateral surface of the trans- 
verse process is oval in shape and slightly convex in anterior 
view; furthermore, the ventral surface of the transverse 
process is transversely concave (Fig. 5.1—2), whereas the 
dorsal one is straight, as in Nigersaurus (Sereno et al, 1999) 
and the indeterminate rebbachisaurid MIWG 5384 (Mannion 
et al, 2011) (Fig. 5.8). The posterior surface of the transverse 
process is slightly concave (Fig. 5.2), as in Demandasaurus, 
Itapeuasaurus, and MIWG 5384 (Mannion et al., 2011; 
Torcida et al, 2011; Lindoso et a/, 2019), whereas the an- 
terior one is strongly eroded and apparently there is not the 
pneumatic excavation seen in most Rebbachisauridae (e.g, 
Demandasaurus, Limaysaurus, [tapeuasaurus, MIWG 5384, 
and NHMUK R36636; Calvo & Salgado, 1995; Mannion et al, 
2011; Torcida et al, 2011; Mannion & Barrett, 2013; Lindoso 
et al, 2019). 

The posterior opening of the neural canal is tall, more 
than one third of the posterior centrum height, and semicir- 
cular in outline (Fig. 5.2). The postzygapophyses are distally 
incomplete but form a prominent V-shaped structure at the 
base of the neural spine in posterior view. The spof is trans- 
versely narrow and oval in shape, being particularly deep 
only between the postzygapophysis processes. 

The neural spine is tall, almost two times than the pos- 
terior centrum height and petal-shaped in anterior view, as 
in Nigersaurus, Demandasaurus (Fig. 5.9), Limaysaurus, and 
MIWG 5384 (Calvo & Salgado, 1995; Sereno et al., 1999; 
Mannion et al, 2011; Torcida et a/., 2011) (Fig. 5.8). In MAU- 
EO-PV-666, the neural spine is dorsally directed in lateral 
view (Fig. 5.3, 5), differing from the posteriorly inclined 
neural spines of most Rebbachisauridae (Amazonsaurus, 
Tataouinea, Itapeuasaurus, Demandasaurus, Cathartesaura, 
Limaysaurus, MIWG 5384, UNPSJB-PV 580; Calvo & Salgado, 
1995; Carvalho et a/, 2003; Gallina & Apesteguia, 2005; 
Mannion et al, 2011; Torcida et a/., 2011; Ibiricu et al, 2012; 
Fanti et a/., 2013, 2015; Lindoso et a/, 2019). The ll, the prsr, 
and the posr are prominent with a tetraradiate arrangement 
in cross-section, as in most Rebbachisauridae (e.g., Calvo & 
Salgado, 1995; Pereda Suberbiola, 2003; Fanti et a/,, 2013, 
2015; Wilson & Allain, 2015). Furthermore, there is a promi- 
nent lateral triangular process on the distal third of the neu- 


ral spine (Fig. 5.1-2), where the II are particularly robust in 
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Figure 5. 1-5, Photo and line drawings of the anterior caudal vertebra MAU-PV-EO-666; 1, anterior; 2, posterior; 3, right lateral; 4, ventral; 5, 
and left lateral views. 6. Line drawings in anterior view of the anterior caudal vertebrae of indeterminate rebbachisaurids NHMUK R36636 
(modified from Mannion et al, 2011; Torcida et al, 2011; Ibiricu et a/, 2012; Mannion & Barrett, 2013). 7, Line drawings in anterior view of the 
UNPSJB-PV 580 (modified from Mannion et al, 2011; Torcida et a/, 2011; Ibiricu et a/, 2012; Mannion & Barrett, 2013). 8, Line drawings in 
anterior view of the MIWG 5384 (modified from Mannion et al, 2011; Torcida et a/, 2011; Ibiricu et a/, 2012; Mannion & Barrett, 2013). 9, Line 
drawings in anterior view of the Demandasaurus MDS—RVII,610 (modified from Mannion et a/, 2011; Torcida et a/, 2011; Ibiricu et a/, 2012; 
Mannion & Barrett, 2013). Scale bar= 100 mm. 
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lateral view, as in Rebbachisaurus, Nigersaurus, Demandasaurus, 
and MIWG 5384 (Fig. 5.8—9) (Sereno et al, 1999; Mannion et 
al, 2011; Torcida et al, 2011; Wilson & Allain, 2015). In 
MAU-PV-EO-666, the II seems to be a laminar complex 
composed of the merging of two neural laminae: the spdl 
and the lateral branch of the lat. spol, as in Limaysaurus sp., 
Py-6722-MOZ, and Apatosaurus (Marsh, 1877; Upchurch et 
al, 2004; Gallina & Apesteguia, 2005). However, the proxi- 
mal portion of the neural spine is incomplete, and the origin 
of the lat. spol is unknown; thus, we prefer to consider the 
lat. spol as a single neural lamina and the lateral lamina as 
a laminar complex of uncertain composition. The sprl are 
short and reduced to the most proximal part of the neural 
spine, as in /tapeuasaurus (Lindoso et al, 2019), being the 
distal portion of the anterior surface of the spine occupied 
by a wide and rough prsr. Two deep and dorsoventrally 
elongated fossae open between the II and the prsr, as in 
Amazonsautrus, Rebbachisaurus, Tataouinea, the indetermi- 
nate rebbachisaurids MIWG 5384 (Fig. 5.8), and MMCH-Pv- 
45 (Carvalho et a/., 2003; Mannion et a/,, 2011; Fanti et al, 
2013, 2015; Wilson & Allain, 2015). In anterior view, the 
dorsal surface of the neural spine is transversely concave 
(Fig. 5.1), as in Zapalasaurus (Salgado et al, 2006), and not 
convex as in most of Rebbachisauridae (Fig. 5.6—9) (eg, 
Amazonsaurus, Nigersaurus, Demandasaurus, Rebbachisaurus, 
MIGW 5384; Sereno et al/., 1999; Carvalho et a/., 2003; 
Mannion et a/., 2011; Torcida et al, 2011; Wilson & Allain, 
2015). In posterior view, the spol are poorly preserved and 
limited to the basal portion of the spine, whereas the posr is 
prominent, rough, and slightly wider proximally than distally 
(Fig. 5.2). Between the posr and the Il, the dorsoventrally 
extended fossae are slightly shallower than in the anterior 
surface of the spine, where the II are more anteromedially 
prominent. 


DISCUSSION 
Taxonomic attribution 

The new axial remains from the lower section of the 
Huincul Formation of the central Neuquén Basin share a set 
of morphological features with Diplodocoidea sauropod di- 
nosaurs, such as dorsal and anterior caudal vertebrae with 
tall neural arches (more than two and one-half times the 


dorsoventral centrum height), and a wide and deep lateral 
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excavation in the dorsal edge of the dorsal centrum (Wilson 
& Sereno, 1998). Furthermore, the presence of dorsolater- 
ally directed transverse processes and petal-shaped neural 
spine with tetraradiate neural laminar arrangement allows 
referring the dorsal vertebrae (MAU-PV-EO-633 and MAU- 
P\/-EO-634) and the anterior caudal vertebra (MCF-PV-EO- 
666) from El Orejano to Rebbachisauridae (Canudo et al, 
2018). Indeed, the dorsal vertebra MAU-PV-EO-633 shows 
a slightly opisthocoelic condition and bears wide and deep 
lateral chambers in the centrum, whereas in the dorsal 
MAU-PV-EO-634 the neural spine is almost five times 
taller than the centrum height and petal-shaped in anterior 
view, with robust and prominent neural laminae (e.g., amedl, 
sprl). The anterior caudal vertebra MAU-PV-EO-666 is 
considered amphicoelic, with laterodorsally directed trans- 
verse processes and high neural pedicels and neural spine; 
moreover, the spdl is well-developed and the hyposphenal 
ridge is absent, two conditions considered as synapomor- 
phic of Rebbachisauridae (Canudo et a/., 2018). Furthermore, 
in the new anterior caudal vertebra from El Orejano there is 
a prominent triangular lateral process in the distal third of 
the neural spine, a condition that MAU-PV-EO-666 shares 
with most derived rebbachisaurids, Rebbachisaurinae 
(Canudo et al, 2018). 


Phylogenetic analysis 

With the aim of exploring the phylogenetic relation- 
ships of the new specimens from El Orejano with other 
sauropods, equally weighted parsimony analyses were 
carried out. The preliminary round of traditional search 
results in 2,160 MPTs with a tree length of 1,469 steps (216 
hits, Cl =0.28, RI =0.61). The additional round of branch 
swapping (TBR) recovers 200,000 trees, collapsing the 
available trees set in the memory. In the resulting strict 
consensus, three major poly-tomies emerge, including 
Rebbachisauridae, Lithostrotia, and Colossosauria (Fig. 
$1). In this context, the three OTUs from El Orejano 
(MAU-PV-EO-633, MAU-PV-EO-634, MAU-PV-EO-666) 
are recovered as rebbachisaurid members of an unresolved 
clade within Diplodocoidea. To attempt to resolve the 
phylogenetic relationship within Rebbachisauridae, we 
run the IterPCR methodology set on TNT v.1.5, which 


detected the 24 following wild-cards: /sanosaurus, 
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FLAGELLICAUDATA 


DIPLODOCOIDEA 


Apatosaurus 

Barosaurus lentus 
Diplodocus 
Suuwassea emiliae 
Amargasaurus cazaui 


Brachytrachelopan messai 
Dicraeosaurus hansemanni 


Amazonsaurus maranhensis 
Zapalasaurus bonapartei 


REBBACHISAURIDAE Histriasaurus bocardeli 
Comahuesaurus windhanseni 
Lavocatisaurus agrioensis 
Limaysaurus tessonei 
Limaysaurinae Cathartesaura anaerobica 
MAU-PV-EO-633 
KHEBBASHIA Katepensaurus goicoecheai 
: ‘ Demandasaurus darwini 
Rebbachisaurinae 


Nigersaurus taqueti 
Rebbachisaurus garasbae 


Figure 6. Detail of the reduced strict consensus tree derived from the Bellardini et a/. (2022) matrix, recovering the new fossil remains from El 
Orejano locality as Rebbachisauridae members. The axial elements MAU-PV-EO-634 (a) and MAU-PV-EO-666 (b) were recovered as unstable 
taxa within Rebbachisauridae. The complete reduced strict consensus tree is available in the Online Supplementary Information (see Fig. S2). 


Haplocanthosaurus, Malarguesaurus, Tehuelchesaurus, 
Tastavinsaurus, Chubutisaurus, Padillasaurus, Venenosaurus, 
Abydosaurus, Brachiosaurus, Andesaurus, Nemegtosaurus, 
Tapuiasaurus, Isisaurus, 


Rapetosaurus, _ Trigonosaurus, 


Bonitasaura, | Puertasaurus, Ninjatitan, Quetecsaurus, 
Rayososaurus, Tataouinea, and the new axial elements from 
EI Orejano MAU-PV-EO-634 and MAU-EO-PV-666. Despite 
the number of unstable taxa recovered in this analysis, we 
solely pruned a posteriori the conflictive rebbachisaurid 
OTUs (i.e. Rayososaurus and Tataouinea) and analyzed the 
position of each new specimen within Rebbachisauridae 
alternatively (Figs. 6, S2). 

The incomplete dorsal vertebra MAU-EO-PV-633 is 
herein recovered as a derived rebbachisaurid and the sister- 
taxon of Katepensaurus, a position supported by the pres- 
ence of a dorsal centrum slightly opisthocoelic (char. N° 207, 
1). Katepensaurus and MAU-PV-EO-633, in turn, represent 
the sister group of the more inclusive group of euroafrican 
rebbachisaurines (Fig. 6), which includes Rebbachisaurus, 
Demandasaurus, and Nigersaurus, based on three synapo- 
morphies: the presence of an intrapostzygapophyseal lam- 
ina (tpol) on the middle-posterior dorsal vertebrae (char. 


N°182, 1), the presence of atlp on the anterior caudal neu- 


ral spine (char. N°235, 1), and the presence of cprf on dor- 
sal neural arch (char. N°409, 1). On the other hand, both 
MAU-PV-EO-634 and MAU-PV-EO-666 were recovered as 
unstable taxa in different positions within Rebbachisauridae. 
Indeed, the dorsal vertebra MAU-PV-EO-634 occupies all 
the alternative positions more derived than Amazonsaurus 
(Fig. 6), which is herein considered as the basalmost 
Rebbachisauridae, a condition that suggests the presence 
of a set of plesiomorphic and apomorphic features on the 
poorly preserved axial element from El Orejano, at least 
amongst Rebbachisauridae. The position of MAU-PV-EO- 
634 within the clade that includes Zapa/asaurus and every 
other rebbachisaurid more derived than Amazonsaurus is 
supported by two synapomorphic features: the presence of 
a “festooned” spdl on the dorsal neural spines (char. N° 199, 
1), and the dorsally directed transverse process on the 
anterior caudal vertebrae (char. N° 230, 1). Similarly, the al- 
most complete anterior caudal vertebra MAU-PV-EO-666 
is unstable within Rebbachisauridae; however, it is herein 
recovered as a basal rebbachisaurid, being alternatively 
sister taxon of Zapalasaurus, Histriasaurus, and the most 
derived rebbachisaurid Katepensaurus, Demandasaurus, 
Rebbachisaurus, and Nigersaurus. 
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Figure 7. 1-5, Line drawings of the rebbachisaurid specimens from the Huincul Formation, considered for the morphological comparisons with 
the new findings from El Orejano locality (modified from Gallina & Apesteguia, 2005 and Haluza et a/, 2012); 1, anterior dorsal vertebra MMCH- 
PV-49/2 in anterior view; 2, posterior dorsal vertebra MMCH-PV-49/17 in anterior view; 3, anterior caudal vertebra of Cathartesaura MPCA-232 
in right lateral view; 4, anterior caudal vertebra of Limaysaurus MUCPv-153 in anterior view; 5, anterior caudal vertebra of Limaysaurus MUCPv- 
153 in left lateral view. Not in scale. 
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Comparisons with other rebbachisaurids from Huincul 
Formation 

The osteological and phylogenetic analyses strongly in- 
dicates that the new axial elements from the El Orejano are 
related to rebbachisaurid sauropod dinosaurs, being the 
element MAU-PV-EO-633 recovered as a Rebbachisaurinae 
and MAU-PV-EO-634 and MAU-PV-EO-666 occupying 
multiple positions amongst rebbachisaurids (Fig. 6). In order 
to analyze the morphological diversity of Rebbachisauridae 
from the Neuquén Basin, we compared the rebbachisaurids 
known for the Huincul Formation with the new specimens 
described here (Fig. 7). As noted above, the rebbachisaurids 
described for this formation are all coming from the lower 
section of the southern Neuquén Basin: Cathartesaura 
anaerobica Gallina & Apesteguia, 2005, the paratype of 
Limaysaurus tessonei Calvo & Salgado, 1995, and the inde- 
terminate rebbachisaurid specimen from “Cafhadon de las 
Campanas” MMCH-PV-49 (Haluza et a/., 2012). 

Cathartesaura was formalized on the basis of few post- 
cranial bones coming from the lower section of the Huincul 
Formation of “La Buitrera” locality, in the northewestern of 
Rio Negro Province, Patagonia, Argentina. The holotype 
(MPCA-232) includes poorly preserved axial and appen- 
dicular elements, among which only the anterior caudal ver- 
tebra can be compared with MAU-PV-EO-666 (Fig. 7.5). In 
Cathartesaura the caudal centrum is amphiplatyan, subcir- 
cular in anterior view and lacks pneumatic cavities, unlike 
MAU-PV-EO-666 where the centrum is amphicoelous, ven- 
trally concave in anterior view and with two deep and oval 
pneumatic fossae that open anterodorsally in lateral view 
(Fig. 5.3, 5). In MPCA-232 the neural arch is at least twice 
the centrum height and located toward the anterior half of 
the centrum (Fig. 7.5), as in the anterior caudal vertebra 
from El Orejano; moreover, as in other rebbachisaurids, in 
both caudal vertebrae the transverse processes are wing- 
like and laterodorsally directed. However, in MPCA-232 the 
transverse process falls posteriorly to the neural spine in 
lateral view and not below them as in MAU-PV-EO-666 (Fig. 
5.3, 5). The caudal vertebrae of both rebbachisaurids from 
the Huincul Formation also differ with respect to the mor- 
phology of the neural spine, being straight and dorsally di- 
rected in MAU-PV-EO-666 and sinusoidal and posteriorly 


inclined in Cathartesaura (Fig. 7.5). Moreover, in the latter 


rebbachisaurid both prs! y posl are robust and prominent, 
especially distally, reaching the base of the neural arch, 
whereas in MAU-PV-EO-666 there are prsr and posr in- 
stead of single prs! and posl. Indeed, the prsr and posr are 
roughly laminar complexes that proximally comprise short 
and thin sprl and spol, respectively. Finally, the lateral lamina 
of Cathartesaura represents a laminar complex resulting 
from the joint of the lat. spol, the spdl, and the sprl on the 
middle of the neural spine in lateral view (Fig. 7.5). Con- 
versely, in MAU-PV-EO-666 the preserved lateral lamina 
is a simple structure whose laminar components (/e,, lat. 
spol?+spdl) probably merge more proximally than in 
Cathartesaura; however, the base of the spine is poorly 
preserved and it is difficult to discern which neural laminae 
form part of the lateral lamina. 

The type material of Limaysaurus includes several cra- 
nial and postcranial elements belonging to different indi- 
viduals and coming from the top of the Candeleros 
Formation (the holotype MUCPv-205, and the referred 
specimen MUCPv-206) and the base of the Huincul Forma- 
tion (the referred specimen MUCPv-153), which outcrop to 
the southwest of the Villa El Chocén locality, in the southern 
of Neuquén Basin. Despite the poorly preserved conditions 
of the axial elements of Limaysaurus, different morphologi- 
cal features of caudal vertebrae can be compared with the 
new rebbachisaurid specimens from the El Orejano (Fig. 
7.4-5). In the anterior caudal vertebrae of Limaysaurus 
MUCPv-153 the centra are anteroposteriorly short and sub- 
circular in anterior and posterior views, with a slightly con- 
cave posterior articular surface, as in MAU-PV-EO-666 (Fig. 
5.2). However, Limaysaurus lacks a lateral pleurocoel and the 
ventral surface of the caudal centrum is convex in anterior 
view (Fig. 7.4), whereas the El Orejano specimen shows a 
ventral surface anteroposteriorly and transversely concave. 
Furthermore, Limaysaurus has a longitudinal groove on the 
ventral surface, absent in MAU-PV-EO-666. The transverse 
processes are dorsolaterally directed and slightly forward 
inclined in both rebbachisaurids; however, in MUCPv-153 
they are composed of dorsal and ventral bars (Fig. 7.4), a 
condition that is considered as an autapomorphic feature 
by Calvo & Salgado (1995). Considering the neural spine, 
Limaysaurus shares with MAU-PV-EO-666 a tall and petal- 


shaped spine with a tetraradiate arrangement of the neural 
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laminae, but differs from the El Orejano caudal vertebra 
for showing a convex dorsal surface and lacking a triangu- 
lar lateral process (Fig. 5.1—5.2; Calvo & Salgado, 1995, fig. 
10). Furthermore, Limaysaurus and MAU-PV-EO-666 differ 
for the inclination of the neural spine, being slightly back- 
ward inclined in the former and dorsally directed in the 
latter (Fig. 5.3, 5; Calvo & Salgado, 1995, fig. 10). 

Further rebbachisaurid record is represented by MMCH- 
PV-49, a well-preserved specimen composed of several axial 
and appendicular elements from the southern Neuquén 
Basin, only briefly described by Haluza et a/, (2012). The dor- 
sal vertebrae of MMCH-PV-49 (Fig. 7.1-2) show low sub- 
circular centra and tall neural arches with petal-shaped 
neural spines, as in MAU-PV-EO-634 (Fig. 4.2). On the other 
hand, in MMCH-PV-49 a simple prsl runs throughout the 
anterior surface of the spines, lacking the divergent med. 
sprl and the laminar complex with prs! seen in the El Orejano 
specimen (Fig. 4.2). 


Considerations on the Rebbachisauridae fossil record 

Rebbachisauridae represents a diplodocoid neosauropod 
clade less nested than Flagellicaudata (Dicraeosauridae+ 
Diplodocidae), known from the Hauterivian of Europe (Dalla 
Vecchia, 1998, 2005) to the Cenomanian-—Turonian of 
Patagonia (Calvo & Salgado, 1995; Gallina & Apesteguia, 
2005; Ibiricu et a/, 2013, 2015). Despite the fossil record, 
some authors argued an earlier origin of Rebbachisauridae, 
placing the divergence from Flagellicaudata in the Middle 
Jurassic on the basis of two proofs: the new dicraeosaurid 
Lingwulong from the Middle Jurassic of Asia, and the re- 
assessment of “Amphicoelias fragillimus” (Tschopp et al., 
2015; Carpenter, 2018; Xu et a/, 2018). Indeed, the recent 
description of Lingwulong from the Yanan Formation (upper 
Toarcian—Bajocian; late Lower—early Middle Jurassic) rep- 
resents not only the earliest dicraeosaurid but also the 
oldest flagellicaudatan record, suggesting the presence of 
a ghost-lineage at least from the late Toarcian. Therefore, 
the putative Rebbachisauridae-Flagellicaudata divergence 
time-lapse would have happened during the Hauterivian, 
when the first rebbachisaurid occurrence was recorded (ie, 
Histriasaurus; Dalla Vecchia, 1998, 2005), or even earlier if 
we consider the recent reassessment of Xenoposeidon from 


the Berriasian of England as a rebbachisaurid sauropod 
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(Taylor, 2018). On the other hand, the incomplete dorsal 
neural arch AMNH-FR-5777 from the Morrison Formation 
(late Kimmeridgian—early Tithonian) that Cope (1878) 
described as the holotype of “Amphicoelias fragillimus", was 
recently considered as a basal rebbachisaurid by Carpenter 
(2018). Only on the basis of the original pictures, the author 
recognizes a new set of diagnostic features and formalizes 
the new genus Maraapunisaurus on the missed axial element 
AMNH-FR-5777, identifying a robust and “festooned” spdl as 
an unambiguous synapomorphic feature of Rebbachisauridae. 
Despite the enigmatic Maraapunisaurus would represent the 
earliest rebbachisaurid evidence, playing a crucial role to recon- 
struct part of the ghost-lineage linked with Rebbachisauridae 
origin and evolution, the validity of the taxon is still debated 
(Whitlock & Wilson Mantilla, 2020), especially considering 
the impossibility to access and review the holotype. There- 
fore, pending on more consistent data, we prefer to take 
with care the hypothesis that Maraapunisaurus represents 
the earliest Rebbachisauridae member, not including it be- 
tween the rebbachisaurid fossil record (Fig. 8; Tab. 1). 
Although the origin of Rebbachisauridae is still debated 
and uncertain, probably due to a low taxonomic diversifica- 
tion and a poorly geographical dispersion of the clade dur- 
ing the Late Jurassic, most recent analyses show two major 
dispersion events: the Early Cretaceous spot during the 
Hauterivian—Barremian (Fig. 8.1) (Dalla Vecchia, 1998; 
Pereda Superbiola, 2003; Salgado et a/, 2006; Apesteguia, 
2007; Mannion, 2009; Mannion et al, 2011) and the last 
dispersion event (Fig. 8.3) during the early Late Cretaceous 
(Cenomanian) in Patagonia (e.g., Whitlock, 2011; Carballido et 
al, 2012; Wilson & Allain, 2015; Canudo et a/., 2018). In this 
context, the evidence of different taxa in the Hauterivian— 
Barremian of Laurasia (i.e, Histriasqurus, Demandasaurus) 
and Gondwana (Zapalasaurus; Salgado et al, 2006) suggests 
a wide geographical dispersion since the Early Cretaceous, 
a condition that would support the early origin of the clade. 
On the other hand, during the Cenomanian—Turonian the 
Rebbachisauridae fossil record was limited to Gondwana 
(Fig. 8.3) (Calvo & Salgado, 1995; Gallina & Apesteguia, 
2005; Ibiricu et a/, 2012, 2013, 2015, 2020; Lindoso et al, 
2019) and particularly diversified in Patagonia, where, to- 
gether with basal titanosaurians, rebbachisaurids represent 


the most important paleoecological modelers of the early 
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Upper Cretaceous terrestrial ecosystems (Otero & Sal- 
gado, 2015). Despite the high faunal diversification dur- 
ing the Cenomanian-Turonian, there is no evidence of 
Rebbachisauridae in the fossil record from the Coniacian, 
revealing a post-Turonian sauropod faunal change, with 
Titanosauria as the only worldwide dominant mega-herbi- 


vores of the Late Cretaceous (eg., Carballido et a/,, 2017; 


@) 


Lower Cretaceous ~105 Myr 


Gallina et a/, 2021). 

Rebbachisauridae was considered for many years a 
low-diversified sauropod clade due to the presence of few 
taxa and very fragmented and poorly preserved specimens 
(Lavocat, 1954; Calvo & Salgado, 1995; Bonaparte, 1997; 
Carvalho et a/, 2003; Pereda Superbiola, 2003). However, 


recent works have improved the rebbachisaurid fossil 


Lower Cretaceous ~125 Myr 


Upper Cretaceous =95 Myr 


Figure 8. Paleogeographycal locations of the Rebbachisauridae fossil record during the 1, Hauterivian—Barremian; 2, Aptian—Albian; and 3, 
Cenomanian-—Turonian lapse-time. Red numbers and symbols refer to the rebbachisaurid occurrences listed in Table 1. The maps were 


modified from www.paleobiodb.org. 
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record with new and more complete evidence (Mannion et 
al, 2011; Torcida et al, 2011; Carballido et a/., 2012; Canudo 
et al, 2018; Lindoso et al, 2019), allowing to shed light on 
the taxonomic and morphological diversification of the 
family. To date, 14 taxa are consensually recognized as 
Rebbachisauridae members (e.g, Canudo et al, 2018; Lindoso 
et al, 2019; Lerzo et al, 2021), in addition to further specimens 
that are referred to the clade but are generally excluded 
from the phylogenetic analyses due to the high-fragmentary 
conditions, such as Xenoposeidon, Nopcsaspondylus, and other 
indeterminate rebbachisaurids (Tab. 1). Considering the phy- 
logenetic relationships within Rebbachisauridae, Histriasaurus, 
Amazonsaurus, Lavocatisaurus, Zapalasaurus, and Comahue- 
saurus are consensually recovered as the basalmost taxa 
(Mannion et a/, 2011; Torcida et a/., 2011; Carballido et al, 
2012; Canudo et a/., 2018), whereas the clade recently for- 
malized as Kebbashia by Fanti et a/. (2015), comprises the 
more nested rebbachisaurids, which are included in the Li- 
maysaurinae and Rebbachisaurinae sub-families. In par- 
ticular, Limaysaurinae includes the South American 
rebbachisaurids Cathartesaura and Limaysaurus, and prob- 
ably Rayososaurus (Carballido et a/, 2010; Canudo et al, 
2018), whereas Katepensaurus is recovered in different 
analyses, although with low support, as the only Gond- 
wanan member of Rebbachisaurinae, the clade composed 
of African and European taxa (eg, Ibiricu et a/, 2013, 2015; 
Canudo et a/., 2018). Indeed, considering the Gondwanan 
less nested forms and the more nested European and 
African members, some authors proposed a Gondwanan 
origin of Rebbachisauridae and a subsequent dispersion to 
Eurasia (Mannion et al, 2011; Torcida et a/,, 2011; Carballido 
et al, 2012). In this context, four specimens from the 
MMCh-PV-49, 
Cathartesaura, and Limaysaurus from the Neuquén Basin, and 


Cenomanian-Turonian of Patagonia, 
Katepensaurus from Golfo San Jorge Basin, would represent 
the most modern record of Rebbachisauridae. However, 
lacking radiometric dating, no direct chronostratigraphic 
correlationships are available between the different lithos- 
tratigraphic units of both basins, which make it difficult to 
discern the most modern evidence of Rebbachisauridae. 
Indeed, Katepensaurus comes from the upper part of the 
Lower Member of the Bajo Barreal Formation (Upper 
Cretaceous, Chubut Group), which is considered by Ibiricu et 
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al. (2020) as Cenomanian in age. However, recent chronos- 
tratigraphic analyses on Chubut Group (Ibiricu et a/, 2020; 
Krause et al, 2020) suggest a Cenomanian-Turonian age for 
Bajo Barreal Formation, indicating a possible correlation 
with the Huincul Formation of the Neuquén Basin. On the 
other hand, Cathartesaura and Limaysaurus (paratype) come 
from the lower section of the Huincul Formation, which is 
considered upper Cenomanian in age. In this context, the 
new rebbachisaurid evidence from the lower section of the 
Huincul Formation of El Orejano also represents one of the 
most modern records of Rebbachisauridae. Moreover, the 
new rebbachisaurid specimens from the central Neuquén 
Basin suggest that different populations of derived 
Rebbachisauridae inhabited also to the north of Huincul 
High before of the Turonian faunal turnover. Finally, in spite 
of these considerations about the most modern reb- 
bachisaurid evidence, which lack of further geological sup- 
ports, we consider that the new findings from El Orejano 
are significant to attest a more diversified rebbachisaurid 
fauna close to the Cenomanian—Turonian transition than 


previously known. 


CONCLUSIONS 

We present new rebbachisaurid evidence from the 
Huincul Formation, which is here considered as one of the 
most modern records of Rebbachisauridae for the Neuquén 
Basin. The new axial elements were found isolated and in 
poorly preserved conditions; however, they show a set of 
morphological features that allow us to refer them to 
Rebbachisauridae, such as pneumatized dorsal and caudal 
neural arches with tall and petal-shaped neural spines, an 
amphicoelic caudal articulation, and a tetraradiate arrange- 
ment of the dorsal and caudal neural laminae. The osteo- 
logical and morphological comparisons between the new 
material and the Rebbachisauridae members from the 
Huincul Formation suggest that there is at least a new 
form, different to the other known taxa. However, due to 
the incomplete preserved conditions of the bones and lack- 
ing different diagnostic features, we consider more parsi- 
moniously to refer the new specimens from El Orejano to 
Rebbachisauridae indet. Regardless, the almost complete 
dorsal element MAU-PV-EO-634 shows a lateral inclination 


of the med. sprl in the distal portion of the neural spine 
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never seen in other sauropods, adding new information 
about the morphological diversification of Rebbachisauridae. 
Furthermore, despite the ambiguous phylogenetic results 
of the new remains, which were expected considering the 
poorly preserved conditions of the specimens, our analysis 
suggest that different derived forms of Rebbachisauridae 
inhabited the central Neuquén Basin during the Cenoman- 
ian/Turonian transition. Finally, the new rebbachisaurid 
record from El Orejano proves that every kind of new find- 
ings, however fragmentary, can contribute to improve our 
knowledge about the morphological and taxonomic diver- 
sity of the last Rebbachisauridae, shedding light on the 
faunal composition of Late Cretaceous ecosystems. 
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